Glutathione (GSH) plays a key role in the protection of mammalian cells from ionising radiation and anti-cancer drugs (Biaglow et al., 1983; Astor, 1984; Revesz, 1985; Andrews et Hansson et al., 1988; Dusre et al., 1989) .
GSH protects the cell (1) by reacting chemically with intracellular targets (mainly DNA), (2) by enzymatically reducing peroxides, (3) by enzymatically detoxifying electrophiles and (4) by maintaining the redox state of cellular thiols. The level of cellular GSH, either constitutive or following biochemical manipulation, has been correlated with the relative susceptibility and resistance of tumour cells to ionising radiation and a variety of anti-tumour agents (Arrich and Nathan, 1984; Hamilton et al.. 1986; Russo et al., 1986; Mistry and Harrap, 1991) . In tissue culture GSH is usually considered to be the dominant non-protein sulphydryl (NPSH) involved in drug and radiation resistance. Although cysteine is a more chemically reactive NPSH. it is usually present at much lower concentrations than GSH.
There is good evidence that subcellular GSH pools exist in cytosol and mitochondria, each with different rates of turnover and depletion (Jocelyn and Cronshaw, 1985; Reed, 1990) . In order to protect the nuclear structures from damage (Sandstrom and Marklund 1990) and to participate to DNA synthesis (Thelander and Reichard, 1979) , GSH must also be present in the nucleoplasm, but little is known about the nuclear GSH content, and the published values for the nuclear-cytoplasmic distribution of GSH vary according to the techniques used (Edgren and Revesz, 1987; Tirmenstein and Reed, 1988; Britten et al., 1991; Jevtovic-Todorovic and Guenthner, 1992) . Taylor et al. (1973) found that subcellular fractionation of rat liver by aqueous techniques gave nuclei which contained little or no GSH. while in contrast Tirmensten and Reed (1988) reported that fractionation of rat kidney under non-aqueous conditions gave values for nuclear GSH which were similar to those in the cytoplasm. Other fractionation techniques have provided equivocal results (Tirmenstein and Reed, 1988; Britten et al.. 1991; JevtovicTodorovic and Guenthner, 1992) . Recently, Bellomo et al. (1992) carried out a study, intended to measure the intracellular distribution of GSH in intact hepatocytes, using the non-fluorescent probe monochlorobimane, which permeates cells and produces a strongly fluorescent bimane-glutathione conjugate under the action of glutathione S-transferase (Hulbert and Yakuba, 1983) . Although they reported that fluorescence was preferentially localised in the nucleus, with a nuclear-cytoplasmic GSH ratio of about 3:1, Briviba et al. (1993) have subsequently shown that a major drawback of monochlorobimane is the ability of the GSH-bimane conjugate to diffuse from the cytoplasm to the nucleus. where it is concentrated.
The sulphydryl-reactive dye mercury orange has been shown to bind much more rapidly to GSH than to protein thiols, and can therefore be used for the histochemical localisation of GSH (Asghar et al.. 1975 ). Larrauri et al. (1987 have adapted this procedure for measuring GSH in cells cultured on plastic, and shown that the reaction product between GSH and mercury orange precipitated inside the cell with no appreciable diffusion into the supematant. We have now modified this method by using fluorescence image cytometry to allow quantification of GSH in the whole cell and nucleus, and have found evidence for the existence of a distinct pool of GSH in the cell nucleus which is resistant to depletion by buthionine sulphoximine. an inhibitor of de novo synthesis. (Victor 386) . The hardware and software packages of the system have already been described elsewhere (Brugal, 1984) . Each fluorescent image was obtained through a x 40, NA 0.75 dry objective and digitised into a 512 x 480 image frame onto 256 levels. For mercury orange fluorescence, cells were excited at 530-560 nm and the images were obtained by using a 570 nm dichroic mirror and a 590 rm long-pass barrier filter. For DAPI fluorescence, the excitation wavelength was 360-370 um and images were acquired by using a 400 nm dichroic mirror and a 420 um long-pass barrier filter.
Materials and methods
Image analysis involved acquisition of the background signal of the cell preparation in order to correct for possible non-specific fluorescence for each fluorochrome, and the interactive adjustment of the thresholds for cell selection and segmentation. Image cytometry was carried out on 30-40 cells per slide as follows. The cells were first examined with ultraviolet light and a digitised image of the nucleus as defined by DAPI fluorescence recorded. The same field was then examined with green light and a digitised image of mercury orange fluorescence recorded for the whole cell.
Using an image analysis program, the integrated fluorescence was derived for the entire cell using mercury orange and for the nuclear area defined by DAPI staining, and the cytoplasmic GSH content obtained by subtraction.
Biochemical assay of cellular glutathione
To determine the specificity and linearity of the fluorescence image cytometry method a comparison was made with a standard biochemical assay for GSH, using preparations made from the same population of cells. This was based on the glutathione reductase recycling method originally described by Tietze (1969) . The principle is the reduction by GSH of the disulphide 5,5'-dithio-2-nitrobenzoic acid (DTNB), yielding 2-nitro-5-thiobenzoic acid, which absorbs at 412 nm. In the process GSH is oxidised, and the reaction is maintained by adding the enzyme glutathione reductase and the eklctron donor NAPDH, so that the concentration of GSH is rate limiting.
The cells were counted in a haemocytometer and I x 106 viable cells were resuspended in an Eppendorf tube in 0. Mercury orange staining produced a bright orange-red fluorescence under excitation from the strong green emission of the mercury arc lamp (Figure la) , and the nuclear indicator dye DAPI revealed the localisation of the nucleus (Figure lb) . A range of conditions was investigated in order to ensure that staining of GSH was saturated while minimis ing background labelling of protein sulphydryls. The optimum stain concentration was found to be 75 piM, made up in 90% acetone, 10% water and used at 4-C, as described by Larrauri et al., (1987) (Figure 2 ). The rate of reaction with GSH and the specificity of staining were investigated using cells which had been variably depleted of GSH by treatment with BSO. As shown in Figure 3 , GSH labelling with mercury orange achieved saturation within 30 s, whereas longer staining times resulted in increased background staining. Approximately 90% of this background was eliminated by pretreatment of slides with 1 mM mercuric chloride, which causes profound loss of all available reduced sulphydryls (Treumer and Valet, 1986) , indicating that it was substan- (0) 4 h. and 46% depletion after 24 h, whereas nuclear fluorescence was not significantly depleted after 4 h, and depletion at 24 h was only to 25% of the non-depleted control.
Measurement of cellular heterogeneity of GSH content
Quantitative image cytometry allows an estimate of cellular heterogeneity of whole-cell and nuclear GSH content of human cancer biopsies. Figure 6 shows an example of a locally advanced squamous cell carcinoma of cervix, disaggregated by collagenase treatment and processed as for the cell lines. Malignant cells were identified by morphology. Area, shown on the y-axis, was measured as the total area labelled by mercury orange for the whole cell and as the area labelled by DAPI for the nucleus, and converted into lLM2 using a simple image-processing routine. Note that, despite the fact that there is some correlation with cell size, there is considerable heterogeneity in whole-cell and nuclear GSH content.
Discusso
GSH is a ubiquitous compound that is important in cellular defence mechanisms against free radicals and reactive oxygen species (Meister and Anderson, 1983) . In experimental
Figue 5 GSH depletion from EMT-6 cell line by BSO. The cells were exposed to 1 mM BSO and harvested at the times indicated.
The whole-cell (0) and nuclear (A) GSH content were measured, and the cytoplasmic GSH content (0) was obtained by subtraction. models, increased cellular GSH or activity of GSH-dependent enzymes can produce resistance to a wide range of cytotoxic drugs, including alkylating agents, cisplatin and anthracyclines, and under some circumstances to radiation therapy (Barrancoa et al., 1990; Hosking et al., 1990) . Furthermore, experimental animal tumours show considerable heterogeneity in GSH content (Shrieve et al., 1988; , and viable cell sorting following exposure to drugs or radiation in vivo shows greater clonogemic survival in cells with high GSH content . Heterogeneity of tumour cell GSH content is therefore likely to be a factor determining drug resistance in vivo, although no indication of this is obtained using standard bulk assays such as the enzymatic technique (Tietze, 1969) or highperformance liquid chromatography (Newton et al., 1981) .
which give the mean value and are subject to error owing to the variable admixture of stromal elements. Agents which deplete GSH or inhibit GSH-dependent processes have obvious potential as adjuncts to chemotherapy in tumours which are drug resistant because of overexpression, but this treatment strategy might increase toxicity to normal tissues, which are also protected from cytotoxicity by GSH- (Bailey et al., 1994) .
In this paper the cytochemiucal staining technique described by Larrauni et al. (I 1987) has been modified to allow quantification of nuclear and whole-cell GSH using fluorescence image cytometry. The principle of the method is that the sulphydryl-reactive dye mercury orange forms an insoluble complex with GSH that precipitates on the slide. As observed by Larrauri et al. (1987) , this reaction appears to be sufficiently rapid that it goes to completion within the cell, since there was no visible diffusion of reaction product into the surrounding region of the slide. Mercury orange also reacts rapidly with cysteine 'tn aqueous solution, generating an orange preqcipitate, and the method described here should probably be considered an assay for non-protein sulphydryls (NPSH), rather than GSH. However, estimates of cellular cysteine generally give much lower values than those for GSH (Jocelyn, 1972) . The data shown in Figure 3 suggest that mercury orange also reacts with protein sulphydryls containing free SH groups. as shown by Reed (1990) , but because the reaction rate is slower than that with GSH. background labelling of protein sulphydryls can be miimised with careful control of the staining conditions. The strong correlation with biochemically determined cellular GSH content shown in Figure 4 confirms that the staining technique used is fairly specific for GSH, although the yintercept suggests that it may become non-linear at low GSH values owing to background labelling.
Compared with a standard biochemical assay for GSH. the method descnrbed here offers a number of advantages. particularly for use with clinical samples. These include: (1) the small sample size, making it suitable for fine-needle aspiration biopsies; (2) the ability to distinguish between tumour cells and stromal elements by their morphology. and to measure cellular heterogeneity; (3) the fact that, in addition to whole-cell GSH content, nuclear GSH can be obtained by counterstaiing with a DNA-specific dye. Because of technical problems measuring nuclear GSH little is known about its relevance to cytotoxic drug resistance, but potentially this could play a more important role in protecting against the effects of DNA-damaging agents than does the level of GSH in cytoplasm. The compartmentalisation of GSH into a distinct nuclear pool has been suggested by in vitro experiments showing differential responses of cytosolic and nuclear GSH to BSO treatment (Edgren & Revesz, 1987; Britten et al.. 1991; Jevtovic-Todorovic and Guenthner, 1992) . The existence for a distinct pool of nuclear GSH is strengthened by our observation that. whereas the GSH-reactive agents NEM and DEM deplete mercury orange fluorescence in the nucleus and cytoplasm to a similar extent. inhibition of GSH synthesis by BSO has a considerably greater effect on the cytoplasm. Alternatively, it is possible that depletion of GSH by BSO treatment is accompanied by an accumulation of cysteine in the nucleus, since mercury orange also reacts with cysteine. This has potentially important implications for the use of BSO as an adjunct to cancer chemotherapy or radiotherapy, because cysteine is predicted to be more efficient than GSH in the repair of DNA radicals. Experiments are under way to determine the relative importance of nuclear and cytoplasmic GSH in predicting response to chemotherapy and radiation in cells lines pretreated with different GSH-depleting agents and by prospectively comparing results with clinical outcome in cancer patients.
